Endometriosis is an estrogen-dependent inflammatory disorder among reproductive-aged women associated with pelvic pain, anxiety, and depression. Pain is characterized by central sensitization; however, it is not clear if endometriosis leads to increased pain perception or if women with the disease are more sensitive to pain, increasing the detection of endometriosis. Endometriosis was induced in mice and changes in behavior including pain perception, brain electrophysiology, and gene expression were characterized. Behavioral tests revealed that mice with endometriosis were more depressed, anxious and sensitive to pain compared to sham controls. Microarray analyses confirmed by qPCR identified differential gene expression in several regions of brain in mice with endometriosis. In these mice, genes such as Gpr88, Glra3 in insula, Chrnb4, Npas4 in the hippocampus, and Lcn2 in the amygdala were upregulated while Lct, Serpina3n (insula), and Nptx2 (amygdala) were downregulated. These genes are involved in anxiety, locomotion, and pain. Patch clamp recordings in the amygdala were altered in endometriosis mice demonstrating an effect of endometriosis on brain electrophysiology. Endometriosis induced pain sensitization, anxiety, and depression by modulating brain gene expression and electrophysiology; the effect of endometriosis on the brain may underlie pain sensitization and mood disorders reported in women with the disease.
Introduction
Endometriosis is a common gynecological condition estimated to affect 10% to 15% of reproductive-aged women and up to 80% of women with chronic pelvic pain (CPP) [1] . CPP often debilitates women with endometriosis; it is associated with lost work time as well as significant physical and social debility [2] . Endometriosis likely produces pain by nociception. Endometriosis may compress nerves or stimulate them due to local inflammation near the lesions.
Moreover, endometriosis lesions demonstrate increased nerve density compared to the surrounding peritoneum. Paradoxically, however, there is little correlation between the extent or location of endometriosis and the degree of pain. The differences may lie in the sensitivity to pain. Women with endometriosis are often hypersensitive to pain indicating central pain sensitization [3] ; in this condition normal pain stimuli evoke exaggerated pain perception [4] . It is unknown if the endometriosis directly leads to central sensitization or if some women with the disease are already sensitized and experience pain from minimal disease. It is also unknown what mechanistic changes in the brain are associated with central pain sensitization in endometriosis. Here, we used an animal model of the disease to look at the effect of endometriosis on central nervous system (CNS) function, electrophysiology, and gene expression.
The insula, a brain region involved in the integration of interoceptive, affective, and cognitive signals, is a primary focus in pain neuroimaging studies because it is one of the most consistently activated regions during acute and chronic pain [5] . In contrast to women with relatively asymptomatic endometriosis, women with endometriosis-associated CPP exhibit nonpelvic hyperalgesia and decreased gray matter volume in key neural pain processing regions such as the insula [5] . Relative to age-matched pain-free controls, women with endometriosis-associated CPP displayed increased levels of combined glutamine-glutamate (Glx) within the anterior insula and greater anterior insula connectivity to the medical prefrontal cortex. Increased connectivity between these regions was positively correlated with anterior insula Glx concentrations, as well as clinical anxiety, depression, and pain intensity [6] .
Chronic pain broadly impacts an individual's quality of life, resulting in depression, anxiety, and fatigue [7, 8] . Patients with anxiety and depression often display dysregulation of amygdala activity [9] . Chronic stress in humans also causes hyperactivity of the amygdala, which may be a path through which stress precipitates the emergence of anxiety and depressive disorders [10] . Moreover, the hippocampus, one of the crucial brain regions involved in learning and memory processing as well as in anxiety and depression, is an important candidate as substrate for the cognitive and affective consequences of neuropathic pain [11] .
Although various psychological and behavioral symptoms are observed in patients with endometriosis, the underlying changes in the brain remain unknown. Identifying specific molecular mechanisms associated with pain, depression and anxiety in endometriosis patients is necessary to develop targeted treatment strategies for women who are experiencing these symptoms. The primary objective of this study was to determine if endometriosis could cause central pain sensitization, anxiety, and depression in a mouse model and to identify the molecular changes in the brain that are mechanistically responsible.
Materials and methods

Animal care and surgery
Female C57BL/6 mice at 9 weeks of age were obtained from Charles River Laboratories and kept under controlled conditions (12- h light  and 12-h dark cycle, 22 • C, food and water ad libitum). All mice were allowed 1 week of acclimation to this environment, prior to surgery. Experimental endometriosis was created as we have previously described in 40 mice [12] . Whole uterus was removed from C57BL/6 female mice at 9 weeks of age and washed in cold phosphate-buffered saline (PBS). The 2 uterine horns were divided and 1 of the horns was biopsied into 3 equally sized sections. The lumen of each section was opened longitudinally and kept in cold PBS until implantation. The uterine biopsies were sutured to the parietal peritoneum using 4-0 vicryl sutures. Sham surgeries were performed on an equal number of controls where the same procedure was followed except for the introduction of endometrium; sutures were affixed to the parietal peritoneum. This study was approved by Yale University's Institutional Animal Care and Use Committee, conforming to the US Government Principles for the Utilization and Care of Vertebrate Animals Used in Testing, Research, and Training.
Hot plate test
The hot plate test is a commonly used method for measuring nociception and response thresholds to thermal stimuli in rodents [13, 14] . The hot plate test was performed with a commercially available hot plate meter consisting of a clear, plexiglass cylinder placed on a hot plate. Both endometriosis and sham mice underwent hot plate testing every 2 weeks from the surgery day for a total of 12 weeks (N = 12 per group). Mice were allowed to walk on the hot plate (53.0 • C ± 0.1 • C) for up to 45 s (maximum allowed latency;
to avoid tissue damage). Latency to jump, hind paw lick or flick was recorded, up to the maximum 45 s (if the animal did not emit such a response). Each animal was tested only once in each session.
Open field test
The open field test is performed to assess the degree of anxiety and locomotor activity in mice [15] . The box is virtually demarcated into a central zone and peripheral zones. The experimental mouse was placed in one corner of the box and allowed to explore the arena for 18 min. Overall activity in the box (measured with video-track) was measured as well as the amount of time and distance traveled in the central zone. Mice with higher anxiety levels tend to spend more time in the periphery and less time in the central area. The overall distance moved by each mouse was considered an indicator of locomotor activity.
Tail suspension test
An automated tail suspension test device was used to measure the duration of behavioral immobility [16] . 
RNA isolation
Total RNA was extracted from each specimen by means of the RNeasy Plus Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer's specification. RNA quality was confirmed by A260/A280 ratio and agarose gel electrophoresis. The yield of RNA was determined with the use of a Nanodrop ND-2000 spectrophotometer (Nanodrop Technologies). Only RNA samples with appropriate size distribution, quantity, and an A260:A280 ratio of 1.8-2.1 were used for further analysis.
Measuring gene expression via affymetrix arrays
Total RNA from three mice in each group (endometriosis group and sham group) was pooled for microarray analysis. Pooled RNA samples from 4 different brain areas in both the endometriosis and sham control groups were processed at the Yale Center for Genome Analysis. cDNA was synthesized from 500 ng RNA using the Ambion WT kit (Life Technologies) and the single-stranded cDNA was prepared using the Affymetrix GeneChip WT Terminal Labeling Kit according to the manufacturer's instructions. The labeled mix was hybridized to GeneChip Mouse Exon 1.0 ST Array (Affymetrix, Santa Clara, CA) in the Gene Chip Hybridization Oven 640 overnight. Probe intensities were measured using the Affymetrix GeneChip Scanner, and the scanned images were analyzed with the use of Affymetrix Feature Extraction Software.
Quantitative real-time polymerase chain reaction
Total RNA (500 ng) from 20 mice per group was individually reverse transcribed in 20 μl of reaction mixture using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). The reaction mix was incubated for 5 min at 25
• C, 30 min at 42
• C, and 5 min at 85
• C using the Eppendorf Mastercycler (Eppendorf North America). Quantitative real-time polymerase chain reaction (qRT-PCR) was prepared using the iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). Each PCR reaction mixture consisted of 1 μl of cDNA template, 0.5 μl of forward primer (1 μM), 0.5 μl of reverse primer (1 μM), 3 μl of nuclease-free H2O, and 5 μl of iQ SYBR Green Supermix for a final reaction volume of 10 μl. The thermal cyclic conditions used were as follows: initial denaturation and enzyme activation for 3 min at 95
• C followed by 40 cycles (denaturation for 15 s at 95
• C, annealing/extension for 45 s at 55 • C), followed by melt curve analysis. Relative gene expression was determined by analyzing data using the 2 − CT method to adjust for expression of a housekeeping gene β-actin. Specificity of the amplified products and the absence of primer-dimers were confirmed via melt curve analysis. All products obtained yielded the predicted melting temperature. All experiments were conducted in triplicate. Samples without cDNA template were used as negative controls. The primers used are listed in Supplementary Table S1 .
Immunohistochemistry
Specimens of insula and amygdala from both endometriosis and sham mice were fixed in 4% formalin and embedded in paraffin. In amygdala, immunohistochemical staining was performed using rabbit polyclonal antibodies directed against Lcn2 and Nptx2 (ab63929 and ab69858; Abcam, Cambridge, MA, USA), while the expression of Gpr88 (ab64905, Abcam, Cambridge, MA, USA), Glra3 (Q91XP5, Biorbyt, CA, USA), Lct (Q6UWM7, Biorbyt, CA, USA), and Serpina3n (TA323305, Origene, Rockville, MD, USA) in insula were evaluated also using rabbit polyclonal antibodies (Supplementary Table S2 ). Tissue sections were deparaffinized followed by dehydration with xylene and ethanol. An antigen retrieval was carried out in 0.01 mol/L sodium citrate (pH 6.0) for 12 min, followed by washing in PBS with 0.1% Tween 20. Endogenous peroxidase was blocked with 3% hydrogen peroxide for 10 min. After a 60-min incubation with 10% normal goat blocking serum, sections were incubated with avidin and biotinylated peroxidase (Vectastain; Vector Laboratories, Burlingame, CA, USA) for 15 min respectively, followed by incubation overnight at 4
• C with primary antibody. Goat immunoglobulin G (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as the negative control. Sections were then incubated with biotinylated goat anti-rabbit secondary antibody for 1 h, and diaminobenzidine (400 mg/mL) for 45 s. Hematoxylin was used for counterstaining, followed by dehydrating through alcohol, cleared in xylene, and mounted in Permount (Fisher Scientific Inc., MA, USA). The number of stained cells and the intensity of staining were evaluated in 5 high-power fields on each slide by 2 investigators blinded to the specimen source. Staining was quantified using the H-score method [17] .
Electrophysiology
Mice from endometriosis and sham groups were anesthetized with isoflurane and then decapitated at 12 weeks after surgery (N = 7 per group). The brains were rapidly removed and immersed in an oxygenated cutting solution at 4
• C containing (in mM): sucrose 220, KCl 2.5, CaCl2 1, MgCl2 6, NaH2PO4 1.25, NaHCO3 26, and glucose 10, and adjusted to pH 7.3 with NaOH. Coronal slices containing the amygdala or insular cortex (300 μm thick) were cut with a vibratome, trimmed to contain just the insula or amygdala, respectively. After preparation, slices were stored in a holding chamber with an oxygenated (with 5% CO2 and 95% O2) artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl 124, KCl 3, CaCl2 2, MgCl2 2, NaH2PO4 1.23, NaHCO3 26, glucose 10, pH 7.4 with NaOH. The slices were eventually transferred to a recording chamber constantly perfused with ACSF at 33
• C at a rate of 2 ml/min after at least a 1 h recovery in the storage chamber. Whole-cell patch clamp (at -60 mV) was performed to observe miniature excitatory postsynaptic currents (mEPSCs) and miniature inhibitory postsynaptic currents (mIPSCs) in layer II/III pyramidal cells of the insular cortex or medial amygdala neurons with a Multiclamp 700 A amplifier (Molecular devices, Sunnyvale, CA). The patch pipettes with a tip resistance of 4-6 M were made of borosilicate glass (World Precision Instruments, Sarasota, FL) with a pipette puller (Sutter P-97) and back filled with a pipette solution containing (in mM): K-gluconate 135, MgCl2 2, HEPES 10, EGTA 1.1, Mg-ATP 2, Na2-phosphocreatine 10, and Na2-GTP 0.3, pH 7.3 with KOH. In the presence of tetrodotoxin (TTX, 0.5μM), mEPSCs were recorded under voltage clamp at -60 mV and mIPSCs were recorded at 0 mV from the same cells, respectively. Both input resistance and series resistance were monitored constantly during experiments. All data were sampled at 10 kHz and filtered at 6 kHz with an Apple Macintosh computer using Axograph X (AxoGraph Scientific, Sydney, Australia). mEPSC and mIPSC events were detected and analyzed with AxoGraph X and plotted with Igor Pro software (WaveMetrics, Lake Oswego, OR) as described previously [18] .
Statistical analysis
For parametric continuous variables, the mean values between groups were compared using unpaired t-test. H-score was used to semiquantitatively compare immunohistochemistry specimens, and values were compared using the Mann-Whitney U-test. P values < 0.05 were considered statistically significant. All data are presented as means ± standard error of the mean. Changes in the cumulative probability curves for the amplitude of mEPSC and mIPSC in the electrophysiology studies were compared using the KolmogorovSmirnov test.
Results
Induction of endometriosis
Uterine segments from donor female mice were sutured in the pelvic region of recipient mice as described above. Induction of endometriosis was confirmed by the size and growth of endometriotic lesions in mice after 12 weeks of surgery and their absence in the sham control mice, as shown in Supplemental Figure S1 .
Increased anxiety in endometriosis
In the open field test, endometriosis mice spent less time ( Figure 1A ) and traveled less distance ( Figure 1B ) in the central area at all time points; these reductions were significant at 6, 8, 10, and 12 weeks after surgery, indicating that anxiety was induced in endometriosis mice starting 6 weeks from induction of the disease. We also found that the percentage of distance traveled in the center, after normalizing for total locomotion of each mouse, was higher from week 2 to week 10 in mice with endometriosis, as shown in Supplemental Figure S2 . This gradual increase in percentage of distance traveled Figure 2 . Whole cell recording of miniature excitatory and inhibitory postsynaptic currents (mEPSCs and mIPSCs) in the neurons in the amygdala in control and endometriosis mice. We tested the effects of endometriosis on glutamatergic and GABAergic transmissions onto amygdala neurons by examining miniature excitatory and inhibitory currents in these cells. The frequency of mEPSC and mIPSC was not significantly different between control and endometriosis groups. However, the cumulative probability of mEPSC and mIPSC amplitude was significantly decreased as shown by a Kolmogorov-Smirnov test in endometriosis group as compared with controls. These results suggest that the postsynaptic components of glutamatergic and GABAergic synapses on tested amygdala neurons were impaired. The frequency (bar graph) and the cumulative probabilities of amplitudes (line graph) of mEPSCs and mIPSCs were shown in (A) and (B), respectively. The cumulative probabilities of mEPSC and mIPSC events significantly shifted to the left in the Endo group as compared with the control group (mEPSC, P < 0.01, Kolmogorov-Smirnov test, 4523 events in control group and 4517 events in Endo group; mIPSC, P < 0.01, Kolmogorov-Smirnov test, 4004 events in control group and 4208 events in Endo group), suggesting the amplitudes of mEPSC and mIPSC events were smaller in the Endo groups than in controls. N = 32-33 brain cells from seven mice. " * " denotes statistical significance between control vs endometriosis mice.
in the center further demonstrates that mice with endometriosis had anxiety.
Decreased locomotor activity in endometriosis
Endometriosis mice traveled less distance during the 18-min observation at all time points from the induction of disease; the reduction was significant at 2, 6, and 12 weeks after surgery ( Figure 1C ). Endometriosis mice were less active even after sufficient time to account for surgical recovery.
Hyperalgesia in endometriosis
Pain sensitization was tested with the hot plate test. Animals in the endometriosis group developed hyperalgesia compared to the sham control group. The duration of time prior to reaction in endometriosis mice was significantly shorter than the sham group at 2, 4, 8, 10, 12 weeks after surgery ( Figure 1D ), which suggested endometriosisinduced persistent pain hypersensitivity.
Increased depression in endometriosis
The tail suspension test was used to evaluate depression. In tail suspension testing, the immobility time of endometriosis mice was significantly longer than the sham group at all time points ( Figure 1E ). These results suggested persistent depression in endometriosis mice.
Altered CNS electrophysiology in endometriosis
To understand the cellular mechanisms underlying the behavioral changes and verify the functionality of neurons affected by the altered expressions of genes relevant to animal behaviors in endometriosis mice, we examined whether changes in the neuronal circuitry occurred in one of the critical brain areas, the amygdala, responsible for pain, anxiety, and depression. We examined synaptic parameters in neurons in the central amygdala with whole-cell patch clamp approach as reported by Hou et al [19] . Specifically, we examined miniature excitatory and inhibitory postsynaptic currents with whole cell patch clamp in neurons in acute brain slices from amygdala in mice with endometriosis and sham mice. mEPSCs/mIPSCs were generated by random vesicle release of glutamate or GABA from presynaptic neurons in the absence of stimulation and the measurement of mEPSCs/mIPSC was used to analyze the efficacy of synaptic transmission. Changes in mEPSC frequency (Figure 2A ; bar graph) are thought to result from modification of the presynaptic component of synaptic transmission, while amplitude (line graph) changes indicate alterations in the postsynaptic component. Our data showed that the frequency of mEPSCs (control: 131.8 ± 29.8 per min, n = 33 cells from 7 mice, endometriosis: 140.9 ± 23.6 per min, n = 32 from 7 mice; P > 0.05, t-test) and mIPSCs ( Figure 2A ) (control: 53.6 ± 8.1 per min, n = 33 cells from 7 mice, endometriosis: 70.3 ± 14.9 per min, n = 32 from 7 mice; P > 0.05, t-test) were not significantly different. However, the cumulative probability curves for the amplitude of mEPSC and mIPSC (Figure 2A and B respectively, line graphs) events recorded from both regions shifted significantly to the left in endometriosis mice as compared to the controls (P < 0.01, Kolmogorov-Smirnov test). Taken together, these results indicate that synaptic efficacy of glutamatergic and GABAergic transmission decreased at the postsynaptic sites in the neurons of the amygdala. Thus, we demonstrate impairment in glutamatergic and GABAergic transmission onto neurons in the amygdala from endometriosis mice.
Differentially expressed genes in the brains of endometriosis mice
A total of 2545 differentially expressed mRNAs were identified in the insula by microarray analysis after quantile normalization and data filtering (fold-change > 1.5), as well as 147 mRNAs in the amygdala, 178 mRNAs in the hippocampus, and 131 mRNAs in the cerebral cortex. A total of 1125 mRNAs were upregulated and 1410 were downregulated in the insula from endometriosis mice compared to sham mice; meanwhile, 70, 92, and 25 mRNAs were upregulated, and 77, 86, and 106 mRNAs were downregulated in amygdala, hippocampus, and cerebral cortex from endometriosis mice compared to sham mice, respectively. In the insula, which showed the greatest differential expression, 37 mRNAs were upregulated and 39 mRNAs were downregulated using a higher fold change of >3.0. The greatest increase in fold change was 9.01 (G-protein coupled receptor 88, Gpr88) in the endometriosis group compared to sham group, whereas the greatest decreased fold change was 12.43 (lactase, Lct). In the amygdala, the greatest fold change in up-and downregulated genes were 2.17 (zinc finger protein 458, zfp458) and 2.11 (N-acetylneuraminic acid phosphatase, Nanp), respectively. In the hippocampus, the greatest fold change in up-and downregulated genes was 3.30 (tryptophan hydroxylase 1, tph1) and 3.34 (defensin beta 11, defb11), respectively. In the cerebral cortex, the greatest fold change in up-and downregulated genes is 1.87 (zinc finger protein 873, zfp873) and 3.84 (cystein rich protein 61, cyr61), respectively.
Validation by qRT-PCR
In addition to the three samples used for microarray analysis, we also isolated total RNA from all of the paired mice brain areas for validation. The expression levels of the top 10 most upregulated and downregulated genes in the insula were verified by qRT-PCR as shown in Figure 3A and B, respectively. The relative fold changes in expression of all 20 genes, as detected by qRT-PCR, were consistent with the microarray data ( Figure 3A and B) .
Other genes with a known function related to the behavior variations observed, which were identified as having significant fold changes in microarray analysis, were also validated by qRT-PCR. These include Lcn2 and Nptx2 in the amygdala ( Figure 4A ) and Chrnb4 and Npas4 in the hippocampus ( Figure 4B ). The qRT-PCR data were consistent with microarray data and established that Lcn2 is upregulated in amygdala of brain from mice with endometriosis compared to sham group, whereas Nptx2 is downregulated. As in hippocampus, both Chrnb4 and Npas4 were upregulated in mice with endometriosis compared to sham mice. 
Validation of behavior-related protein expression
To confirm that the differential mRNA expression resulted in altered protein expression, six proteins were further validated by immunohistochemical staining. Among validated genes by qRT-PCR, six genes were chosen from the top 10 up-or downregulated genes based on their association with the behavioral and affective changes noted. An H-score was used to obtain a semiquantitative measure of expression. In the insula, the protein levels of Gpr88 and Glra3 (involved in anxiety and pain, respectively) increased significantly in the endometriosis group compared to the sham group (H-score fold changes 6.39 and 8.15, respectively). The protein levels of Lct and Serpina3n (also involved in pain) significantly decreased (Hscore fold changes 2.17 and 3.85, respectively) in the endometriosis group compared to the sham group ( Figure 5 ). Furthermore, in the amygdala, endometriosis led to a 2.08-fold increase in Lcn2 protein expression (P < 0.05); this protein has a known function in anxiety and depression. Similarly, we observed a 2.64-fold decrease in Nptx2 expression compared to sham surgery controls (P < 0.01); this protein plays a role in anxiety ( Figure 5 ). All these results confirmed the microarray and qRT-PCR data, suggesting that these proteins may play a role in the behavioral and affective changes in endometriosis.
Discussion
Women with endometriosis suffer from a wide spectrum of different types of pain, ranging from severe dysmenorrhea to chronic pelvic and other comorbid pain conditions [20] . Similarly, a large number of studies have demonstrated that endometriosis is associated with an elevated likelihood of developing depression and anxiety disorders [21] . In this study, we examined mouse models of endometriosis, which confirmed increased pain sensitivity, anxiety, and depression behaviors induced by endometriosis, similar to that reported in women with the disease [22, 23] . Moreover, we identified that endometriosis modulates gene expression in the insula, amygdala, and hippocampus. These areas of the brain play a key role in pain, anxiety, and depression. Our findings may help in the development of molecular targets and therapies to treat pain and control emotional disorders caused by endometriosis.
Pain and central sensitization
In the presence of ongoing tissue injury and/or inflammation as in endometriosis, the nociceptive system is sensitized, resulting in a decreased pain threshold and amplified sensory input, a phenomenon called central sensitization [24] . Central and peripheral sensitization have both been reported in endometriosis [25] . Central sensitization may be initiated by peripheral sensitization and maintained by continued input to the CNS from sensitized sensory afferent fibers. However, central actions can become independent of any peripheral inputs due to long-term "modification" of CNS functioning [26, 27] . The pain then remains long term, after the initiating pathophysiology resolves, explaining why removing ectopic lesions fail to relieve pain in some endometriosis patients. The small, unmyelinated nerve fibers observed in the functional layer of the endometrium and ectopic endometriotic lesions of women have been identified as nociceptive in experimental and clinical studies [28] . It is believed that this nascent endometriosisassociated neural system has a widespread influence on the activity of neurons in the central neural system (CNS) and, hence, on pain perception in the patient. Nociceptors on these neurons transmit noxious stimuli and propagate these messages to the CNS. In the case of neuropathic pain, tactile afferents acquire synapses within the CNS, which enable the afferents to trigger central pain activity [29] . Persistent nociceptive input from endometriotic lesions is postulated to lead to central sensitization via increased responsiveness of spinal cord dorsal horn neurons processing input from the implants and affected adjacent viscera. Increased excitability of viscero-visceral convergent neurons to the spinal cord has been associated with persistent neuropathic pain and hyperalgesia in this setting. In this study, we found the duration in the hot plate test was significantly shorter in endometriosis mice compared with the sham group, which confirmed persistent pain hypersensitivity in endometriosis mice. This is in agreement with the results reported by Liu et al. [30] for rats which showed a significant reduction in latency in rats with induced endometriosis but not in sham rats, determined by hot plate test with respect to thermal stimulation. Previous reports showed that pain latencies in hot plate and tail flick tests were shorter in rats with endometriosis than in sham or atorvastatin-treated rats with endometriosis [31] . Both studies concluded that there was a significant reduction in latency in rats with induced endometriosis but not in sham surgery, similar to the reduction in duration time on hot plate by the mice with endometriosis observed in our study.
However, the molecular mechanisms that underlie central sensitization in endometriosis have not been characterized. Vicuna et al. demonstrated that mice lacking SerpinA3N developed more neuropathic mechanical allodynia than wild-type mice, and exogenous delivery of SerpinA3N attenuated mechanical allodynia in wild-type mice [32] , which is consistent with our results that the expression of Serpina3n was downregulated in the insula of endometriosis mice. In addition, downregulation of Lct expression in the insula also may play an important role in endometriosis-induced pain sensitization, as previous studies have suggested that lactase deficiency occurs in abdominal pain syndromes [33, 34] .
Furthermore, neurogenic inflammation also may initiate sensitization and myofascial pain in endometriosis. Harvey reported that GlyR alpha3 (Glra3) plays a critical role in pain hypersensitivity following spinal PGE2 injection, complete Freund's adjuvant, and zymosan-induced peripheral inflammation [35, 36] , which is consistent with our results that upregulated Glra3 expression in the insula may play a role in pain sensitization in endometriosis.
Behavioral and affective changes in endometriosis
Mood disorders such as depression and anxiety are frequently observed in both patients and preclinical models of chronic pain. Epidemiological studies report an approximately 50% prevalence of major depressive disorder in patients with chronic pain [37] . Moreover, anxiety levels have been shown to predict pain severity and pain behavior in acute and chronic pain patients [38] , and anxiety reduction techniques and anxiolytic drugs have been reported to be successful in ameliorating pain associated with medical procedures [39] .
A large number of studies have reported an association between endometriosis and an elevated likelihood of developing mood disorders (depression and anxiety) [40, 41] . These conditions may impair women's social, educational, and employment opportunities as well as sexual relationships, reducing overall quality of life [42, 43] . We found that endometriosis mice spent less time and traveled less distance in the central area in the open field test; similarly, the immobility times of the mice with endometriosis were significantly longer than the sham group in tail suspension test. These data demonstrate that endometriosis induced anxiety and depression.
As almost all the behavioral tests used to assess anxiety-and depression-related behavior in rodents depend on the motor activity of the animals, it is always critical to control the effects of the neuropathic pain model on locomotor activity before performing any of these tests. This lack of locomotor deficit was most frequently tested by the distance traveled in an open field test. Our results showed mice with endometriosis have decreased locomotor activity compared to sham mice, corresponding to Seminowicz's study in a rat model of long-term neuropathic pain [44] . Additionally, sham and endometriosis mice varied at each time point, demonstrating that the results were not due to habituation.
Electrophysiological changes in endometriosis
At present, it is known that sciatic neuropathy evokes significant changes in the intrinsic electrophysiological properties of CeA neurons when they are viewed on a population basis, and decreases GABA-mediated inhibitory transmission within the CeA [45] . CeA effects on emotion-related behaviors are probably mediated by the medial part of the CeA (CeM) projections to the bed nucleus of the stria terminalis and the brainstem origins of ascending acetylcholine, dopamine, and norepinephrine fibers. Indeed, a pharmacological manipulation of GABA-A receptors in the CeA can modify the escape/avoidance behavior in neuropathic animals, suggesting that the CeA is implicated not only in sensory processing but also in the affective-motivational dimension of neuropathic pain [46] . Some of the CeA neurons cosynthesize GABA with the corticotropin-releasing factor, a neuropeptide which has a well-established role in anxiety and depression [47] .
Besides the GABAergic transmissions, the glutamatergic system also plays critical roles in a neuropathic context. Glutamate mediates major excitatory transmission during long-term plasticity in both physiological and pathological conditions [48] . Specifically related to nociceptive or pain behaviors, metabotropic glutamate subtype receptors (mGluRs) have been involved in different types of synaptic modulation and plasticity from periphery to the spinal cord [49] .
Central sensitization in dorsal horn neurons can be induced by an increase in excitatory synaptic transmission, mediated via the glutamate N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-methyl-4-isoxazole-propionate receptors, or by a loss of inhibitory synaptic transmission (disinhibition), mediated via γ -aminobutyric acid (GABA) and glycine receptors. While the synaptic changes observed at the parabrachial nucleus (PB)-CeA synapses appear to be NMDA-receptor independent, the intra-CeA administration of NMDA or group I mGluR antagonists reduces the pain-induced place avoidance behavior [50] . This suggests that the amygdaloid NMDA receptors play a role in the maintenance of neuropathic pain by facilitating BLA inputs or by facilitating synaptic signaling between CeA interneurons rather than by facilitating ascending PB-CeA inputs.
Altered brain gene expression in endometriosis
Endometriosis led to changes in expression of several genes in the brain regions associated with pain, anxiety, and depression. Indeed, besides those identified genes we already discussed, many other genes shown to be differentially expressed in our study have been reported to be associated with behavior disorders. For example, Jha reported that lipocalin-2 (Lcn2) promotes stress-induced changes in spine morphology and function to regulate neuronal excitability and anxiety [51] , which is in line with our results that the expression of Lcn2 was upregulated in amygdala of endometriosis mice. Similarly, our results showed downregulation of Nptx2 in amygdala of endometriosis mice compared to the sham group. A previous study suggested that Nptx2 played an essential role in controlling network dynamics, highlighting potential therapeutic targets for disorders with inhibition/excitation imbalances [52] . Moreover, Meirsman reported that Gpr88 expressed in A2AR neurons enhances ethological anxiety-like behaviors without affecting conflict anxiety and fear responses [53] , whereas mice lacking Gpr88 show motor deficit, improved spatial learning, and low anxiety reversed by delta opioid antagonist [54] , with the observed increase in Gpr88 expression in endometriosis mice being consistent with our results.
Conclusion
In summary, our study confirmed that pain sensitization, anxiety, and depression were induced by endometriosis. Endometriosis modulates gene expression in the insula, amygdala, and hippocampus which play a key role in behavioral changes of pain, anxiety, and depression. The effects of nociceptive signaling are integrated with endometriosis on brain function to create the experience of increased pain and its emotional and behavioral consequences. While medications can be used to treat endometriosis directly [55] , the effects on the brain are largely ignored. Identified differential expressed genes may help in developing molecular targets to cure pain and control emotional disorders causing by endometriosis. Furthermore, our findings may provide useful suggestions for future research avenues in the study of the complex interaction between physical and psychological factors in endometriosis.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Endometriotic lesions in mice. Endometriosis was induced in mice experimentally as described in the methods. After 12 weeks from the date of induction, mice were sacrificed and examined for the growth of endometriotic lesions. The images show the endometriotic lesions in the induced mice. No lesions were identified in the sham controls (not shown). Supplemental Figure S2 . Percentage of distance traveled in the center at each time periods. The percentage of distance traveled in the center is significantly higher for sham group compared to mice with endometriosis. " * " denotes statistical significance (P < 0.00001) compared to sham group. N = 12 per group. Supplemental Table S1 . Primers used in qRT-PCR. Supplemental Table S2 . Antibodies used in Immunohistochemistry.
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